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Normal thermal fluctuations of the cell membrane have been studied extensively using high res-
olution microscopy and focused light, particularly at the peripheral regions of a cell. We use a
single probe particle attached non-specifically to the cell-membrane to determine that the power
spectral density is proportional to (frequency)−
5
3 in the range of 5 Hz to 1 kHz. We also use a new
technique to simultaneously ascertain the slope fluctuations of the membrane by relying upon the
determination of pitch motion of the birefringent probe particle trapped in linearly polarized optical
tweezers. In the process, we also develop the technique to identify pitch rotation to a high resolu-
tion using optical tweezers. We find that the power spectrum of slope fluctuations is proportional
to (frequency)−1, which we also explain theoretically. We find that we can extract parameters like
bending rigidity directly from the coefficient of the power spectrum particularly at high frequencies,
instead of being convoluted with other parameters, thereby improving the accuracy of estimation.
We anticipate this technique for determination of the pitch angle in spherical particles to high
resolution as a starting point for many interesting studies using the optical tweezers.
Rheology of the cell membrane assumes significance in cell migra-
tion, adhesion, differentiation and development1–4, not to men-
tion, also in probing the health of the cell. It is directly influenced
in diseases like malaria5 and sickle cell anaemia6. Further, the
cancer cells are softer and more elastic compared to healthy ones
to help in intravasation7, when trying to get into the blood ves-
sels and spread through the body, where the exact mechanism by
which it changes the elasticity is not known8. In view of all these
facets, study of membrane stiffness and the subsequent response
to external perturbations assume enormous importance.
Membrane fluctuations are inherent to many membrane pro-
cesses, like ion-pump functioning, vesicle budding and traffick-
ing9–11 in living cells. Our knowledge of the mechanisms of the
membrane processes shall be significantly improved while learn-
ing about the nature of active fluctuations12,13 in membranes.
Typically, the normal membrane fluctuations have been stud-
ied to ascertain the rheological parameters of the living cells13.
These fluctuations are powered by thermal energy as well as ATP
dependent processes. The temporal range of such fluctuations
is quite broad, starting from slow (10 sec) actin waves to drive
large wavelength fluctuations (100 nm to 10 µm) at cell edges
and basal membrane14–16, to relatively smaller amplitude ones
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(5 to 50 nm) which appear at the basal membrane17,18 and are
mainly thermal in nature. Fluctuations of the basal membrane,
as opposed to the cell edges have not been explored much due to
requirements of high resolution. We use a new technique where
we place a particle on top of a cell membrane at locations away
from the cell edges to find the normal fluctuations after ensuring
non-specific binding. This does not require proximity to a sec-
ond surface as the interference is between the unscattered light
in photonic force microscopy with that of the scattered light from
the particle19–21, and thus the unconfined free surface of the cell
can also be probed.
Here we introduce a hitherto new concept, that of membrane
local slope fluctuations, to study the parameters. To perform such
a measurement, we show how the pitch-rotation angle22 of a
spherical particle attached to the membrane can be ascertained
at high resolution in optical tweezers to add additional parame-
ters that can greatly improve the accuracy. We show that such
measurement provides information of the parameters like bend-
ing rigidity directly instead of being ascertained in a convoluted
form with other parameters. In the process, we show for the first
time, a method to determine the pitch rotation angle to a high
resolution using optical tweezers.
1 Theory
The pitch signal is given as the difference-in-halves signal of the
light scattered by the birefringent particle placed inside crossed
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polarizers22, and can also extend to particles trapped in opti-
cal tweezers. The pitch signal is linearly proportional to the
difference-in-halves signal. The power spectrum due to pitch
Brownian motion is given as follows, in consistency with the con-
ventional power spectra in optical tweezers23.
PSD=
A
ω2+B
(1)
Further, following the Wiener-Khinchin theorem, the power spec-
tral density (PSD) of membrane height fluctuations is given by
PSDz =
∫
dteiωt
∫ d2qd2q′
(2pi)4
〈hq(0)hq′(t)〉 (2)
where hq(t)=
∫
d2reiq·rh(r, t) is the Fourier transform of the height
fluctuation, whose auto-correlation is
〈hq(0)hq′(t)〉= 4pi2F(q)δ (q+q′)e−ωqt (3)
where
F(q) =
kBT
κq4+σq2
(4)
from equipartition theorem, where κ is the bending modulus
and σ is the surface tension of the membrane. Assuming an
impermeable, flat cell membrane which separates two fluids of
mean viscosity η , the wavelength relaxation rate ωq is given
by24–26
ωq =
κq4+σq2
4ηq
(5)
After using (3) in (2), and switching to plane polar coordinates,
it follows that
PSDz =
1
pi
∫ qmax
qmin
dqqF(q)
ωq
ω2q +ω2
(6)
If we consider the cell has an infinite membrane with a point
like detection area, qmin = 0 and qmax =∞ in (3). Next, after using
(4) and (5) in (3), it follows that the Z-power spectral density of
a particle stuck on the membrane is
PSDz =
4ηkBT
pi
∫ ∞
0
dq
(κq3+σq)2+(4ηω)2
(7)
In the low frequency limit, ie., when ω → 0, it can be shown that
PSDz ∼ kBT2σω (ω → 0), (8)
whereas in the large ω limit, we find
PSDz ∼ kBT
3(4η2κ)1/3ω5/3
(ω → ∞). (9)
The expression in (9) suggests that the Z-power spectrum obeys
a power-law decay at large frequencies ω, with an exponent−5/3
Consider a birefringent particle stuck on the cell membrane,
which is characterised by height fluctuations h(r, t), where r =
(x,y) are points on the plane of projection, which we define as the
x− y plane.
The slope of the optic axis at a particular instant in the h-r
plane is given by,
tan(θ) =
h2−h1
r2− r1 (10)
where the particle touches the cell membrane between r1 and
r2, such that r2− r1 is the length of the contact for the particle.
This is of the order of 100 nm for a 1 µm diameter particle and is
assumed to remain constant during rotational motion.
For small angles θ , we may approximate tan θ ≈ θ . Within
this approximation, the appropriate generalisation of (10) for the
two-dimensional membrane surface is
θ(r, t) = ∂rh(r, t), (11)
where r is the location of the centre of the particle in the x− y
plane. In terms of the Fourier transform hq(t), the angle θ be-
comes
θ(r, t) =− i
(2pi)2
∫
d2qhq(t)qcosφe−iqr cosφ , (12)
where φ is the angle between the (fixed) vector r and q. After
using the auto-correlation for the height field given in (3) and
carrying out the angular integration, the auto-correlation of the
angle becomes
〈θ(r,0)θ(r, t)〉= 1
4pi
∫
dqq3F(q)e−ωqt (13)
where the function F(q) has been given in (4). Upon substituting
the latter in (13), and using the Wiener-Khinchin theorem, the
PSD for the angle/slope fluctuations is found have the general
form
PSDθ =
2ηkBT
pi
∫
dq
q2
(κq3+σq)2+(4ηω)2
(14)
After a careful analysis of the integral , we find that the low fre-
quency and high frequency behaviours of (14) are given by
PSDθ =
8kBTη
3pi
√
σ3κ
− 4kBTη
2
σ3
ω (ω → 0) (15)
PSDθ =
kBT
12κω
(ω → ∞) (16)
Thus, we find the functional relationships for the PSD for pitch
motion at low and high frequencies.
2 Experimental details
The experiment was performed using an optical tweezers kit
OTKB/M (Thorlabs, USA) in an inverted configuration, where a
linearly polarized 1.7 W, 1064 nm wavelength diode laser (La-
sever, China) was used to form the optical tweezers. The objec-
tive was an Olympus 100X, 1.3 NA oil immersion one with the
illumination aperture being overfilled and the condenser being a
10x, 0.25 NA Nikon air-immersion one. The power of laser light
at the sample plane was set to be about 100 mW. The schematic
diagram has been shown in Fig. 1. An LED lamp illuminates
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the sample from the top using a dichroic mirror, while another
dichroic collects the visible light to be placed in a CMOS camera
(Thorlabs). The forward scattered light emerges through the top
dichroic and is sent into a polarizing beam splitter, where most of
the light through one of the ports and sent into a Quadrant Photo-
diode (QPD). The other arm experiences a minimum in scattered
intensity and experiences a complete dark when there are no par-
ticles in the trapping region.
Fig. 1 (a) Schematic diagram of the set-up used to detect pitch rotation.
A very well polarized 1064 nm laser beam is used to trap the particle,
which then passes through into the forward scatter direction. The com-
ponent of the forward scattered light orthogonal to the input polarization
is sent into an edge mirror to ascertain the asmmetry in the scatter pat-
tern. (b) The pitch rotation detection technique is used to find the local
slope fluctuations of the cell membrane as shown in this cartoon.
The tracer particles that we used are birefringent liquid crys-
talline RM257 (Merck) particles made using standard tech-
niques27,28 and of typical diameter 1 ± 0.1 µm. When these
particles are trapped in optical tweezers, the birefringence axis
aligns with that of the polarization of light, both in the conven-
tional yaw and the pitch sense. When a well-linearly polarized
light is used to trap a birefringent particle, some amount of light
also emerges from the dark port of the polarizing beam splitter
placed in the forward direction, due to the internal structure of
the directors of the particle resulting in a four-lobe scatter inten-
sity pattern. It has been shown in22 that the distribution of light
in between these halves becomes anisotropic when the particle
turns in the pitch sense. We exploit this very facet to ascertain the
pitch motion.
We place an edge mirror in the path of the dark port of the
polarizing beam splitter (PBS) in the forward direction and send
one half of the scattered light into one photodiode (PD1) , while
sending the other half to a different photodiode (PD2). These
photodiode signals are amplified with current amplifiers and then
sent into the Data Acquisition System (DAQ card, National Instru-
ments). These time series signals from PD1 and PD2 are then
subtracted to gain the pitch signal. The advantage of using this
configuration, as opposed to another QPD, is that larger gains can
be obtained here.
Typical X, Z and pitch power spectra for a birefringent particle
trapped in water are shown in Fig. 2.
Fig. 2 The power spectra for (a) the pitch motion and the transverse x
motion (b) for the axial Z motion, fitted to lorentzians (eq. (1)) for calibra-
tion purposes.
The X and Z PSD are the usual lorentzian in nature, the pitch
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spectra is also found to be a good Lorentzian. This can be used
for calibrating the pitch motion using eq. (1)23.
Michigan Cancer Foundation-7 (MCF-7) cells were grown on
glass slides coated with gelatin. These slides were initially treated
with the piranha solution and sterilized with a UV (265nm)
lamp for 20 minutes and thereafter coated with 0.5% gelatin
solution. MCF7 cells were added towards the center of the
coverslip and the Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum and 1% glutamine-
penicillin-streptomycin was added on top of the coverslip. 10µL
of birefringent sample with particles suspended in water was
added to the cells. Cells were incubated at 5% carbondioxide
and 37 C.
One such birefringent particle was trapped and gradually
brought in contact with the cell surface and held for about 10
seconds. It is observed that the particle attaches to the cell by
forming non-specific binding to present us with an excellent op-
portunity to probe the fluctuations of the cell membrane29. We si-
multaneously probe the slope fluctuations of the membrane from
the light scattered by the birefringent particle while in contact
with the membrane, as explained in eq. (15).
3 Results and discussions
The power spectral density of the motion of the particle normal
to the membrane and the slope fluctuations are reported in Fig.
3.
The Fig. 3(a) indicates the PSD for the normal motion of the
cell membrane. We find this to fit well to a power law with expo-
nent - 53
12, particularly at high frequencies between 10 Hz and 1
KHz. This is consistent with the theory presented in eq. (9) for
normal fluctuations, thereby indicating that the particle is indeed
attached to the cell membrane and probing the normal fluctua-
tions. We simultaneously ascertain the slope fluctuation PSD and
show in Fig. 3(b). This PSD fits well to a power law and shows
an exponent of 1.25 ± 0.16, which we call the pitch PSD. Cali-
brating the pitch motion amplitude with factors from Fig. 2, we
find ourselves capable of resolving 100 mdeg at 40 Hz. We also
show the noise floor in Fig. 3(b) (green curve). The amplitude of
the power law is 1 ± 0.3 deg2.
In order to ascertain the accuracy of the power law when fitted
to the pitch PSD, we block average30 the PSD data in exponents
of 2 (namely 1,2,4,8 and so on). This block averaged PSD also fits
well to the power law, within 5% error, till about 5 Hz but starts
deviating upon using lower frequencies, with the exponent being
1.22 ± 0.15, as shown in Fig. 4.
We also show the statistics of pitch exponents observed in our
experiments in Fig. 5.
The average value of the pitch exponent is obtained to be -1.15
± 0.12. This exponent is comparable with the expected pitch
exponent of -1, as indicated in eq. (15), and consistent to a p-
value of 0.0001.
We also show, in Fig. 6, that the value of the bending rigidity es-
timated from the measurement of the slope is coming to be 1.88
± 0.42 × 10−19 J, which is consistent with literature values13.
The curves for the normal and slope fluctuations can be simul-
taneously used to ascertain the bending rigidity, the cytoplasmic
viscosity and the surface tension at high accuracy.
4 Conclusions
Thus to conclude, we have developed a new technique to ascer-
tain the pitch rotational motion to a high sensitivity using optical
tweezers. The pitch power spectrum for a birefringent particle
trapped in water fits well to a Lorentzian. This particle can be
attached non-specifically to a cell membrane by holding it against
the membrane for 10 seconds. As soon as the particle attaches
to the membrane, the vertical fluctuations of the particle can be
used to find the membrane fluctuations. The PSD of the vertical
fluctuations shows a power law exponent of - 53 , confirming that
the particle is indeed recording the normal membrane fluctua-
tions. We simultaneously ascertain the slope fluctuations of the
membrane and find that the PSD fits well to a power law with the
exponent consistent to -1 within 2 standard deviations.
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Fig. 5 The variation of pitch exponents for different measurement events.
The average value of the exponent to the power law fit is -1.15 ± 0.12,
consistent to -1 with a p-value of 0.0001.
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Fig. 6 This figure shows the variation of the calculated bending rigidity
from the amplitudes of the power laws fitted to the high frequency region
of the pitch PSD. The values are consistent with the values previously
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